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ABSTRACT

The RAPiId Telescopes for Optical Response (RAPTOR) system at Los Alamos National Laboratory observed
GRB 050319 starting 25.4 s aftgrray emission triggered the Burst Alert Telescope (BAT) on boardSii&
satellite. Our well-sampled light curve of the early optical afterglow is composed of 32 points (derived from 70
exposures) that measure the flux decay during the first hour after the GRB. The GRB 050319 light curve measured
by RAPTOR can be described as a relatively gradual flux decline (power-law ingex-0.38 ) with a transition,
at about~400 s after the GRB, to a faster flux decay£ —0.91 ). The addition of other available measurements
to the RAPTOR light curve suggests that another emission component emerged1ffte: We hypothesize
that the early afterglow emission is powered by extended energy injection or delayed reverse-shock emission
followed by the emergence of forward-shock emission.

Subject headings: cosmology: observations — gamma rays: bursts — shock waves

1. INTRODUCTION 1999; Panaitescu & Kumar 2004), and external-shocks@ve
, , . aros & Rees 1997; Sari et al. 1998) phenomena as a possible
Recent years have brought interesting developments in thegypjanation of the observed properties.

gamma-ray bursts (GRBs). Se\{eral groups now haV? the rqutineea”y optical afterglow emission from GRB 050319 starting at
capability to respond to GRB triggers in real time using rapidly 35 g after the GRB trigger.

slewing robotic instruments (e.g., Akerlof et al. 2003; Bloom
2004; Boer 2004; Covino et al. 2004; Perez-Ramirez et al.
2004; Vestrand et al. 2002). Despite much effort in this area,
so far only a handful of GRBs have been detected within the On 2005 March 19, 9:31:18.4 UT (trigger time; hereafter
first minutes after the onset of theray emission, namely GRBs t = 0), the Burst Alert Telescope (BAT) instrument on S ft
990123, 021004, 021211, 030418, 041219a, 050319, andsatellite (Gehrels et al. 2004) detected GRB 050319, a single-
050401 (e.g., Akerlof et al. 1999; Fox et al. 2003b; Wak peak event with fast rise and exponential decay lastifag-
et al. 2002; Li et al. 2003; Rykoff et al. 2004, 2005a, 2005b; 10 s (Krimm et al. 2005a, 2005b). The 15-350 keV fluence,
Vestrand et al. 2004, 2005). Even fewer events have goodthe peak flux, and the photon index of the time-averaged spec-
signal-to-noise ratio (S/N) and coverage. trum were subsequently measured to be, respectively, 8
The discovery of the near-infrared transient from GRB 107 ergs cm?, 1.7 photons cnt s %, and 2.2+ 0.2 (Krimm
041219a (Blake & Bloom 2004; Blake et al. 2005) and its et al. 2005b). The on-board location (Krimm et al. 2005a) was
parallel detection in the optical band (Wren et al. 2004) ex- distributed in near-real time through the GRB Coordinates Net-
panded the list of known GRB properties. The RAPTOR work (GCN) at 9:31:36.0 UTt = 17.6 s.
(RAPid Telescopes for Optical Response; Vestrand et al. 2002) Both the RAPTOR-S telescope and the RAPTOR-AB array
optical light curve of GRB 041219a (Vestrand et al. 2005) responded to the alert. RAPTOR-S is a fully autonomous ro-
overlaps with they-ray emission by an unprecedenteé.4 botic telescope with 0.4 m aperture and typical operating focal
minutes. Vestrand et al. (2005) discovered a qualitatively new ratio f/5. It is equipped with dK x 1K pixel CCD camera
component of the early optical emission from GRBs and pre- employing a back-illuminated Marconi CCD47-10 chip with
sented evidence for internal shocks @4aos & Rees 1999) 13 um pixels. For technical details on RAPTOR-A and B see
as the emission mechanism. The presence of the new comVestrand et al. (2002).
ponent was established on a purely empirical basis by its dis- RAPTOR-S was on target at 9:31:53.7 UT= 35.3 s. The
tinct close correlation with strongly time-varyingray flux. rapid response sequence for RAPTOR-S consists of ten 10 s im-
The updated taxonomy for GRB-related optical transient ages followed by sixty 30 s images, a total~$0 minutes of
(OT) emission proposed by Vestrand et al. (2005) comprisescoverage (including the 15 s intervals between exposures used
(1) prompt optical emission contemporaneous with and con- primarily for readout). A candidate OT at = 10"16" 479 ,
sistent with a constant flux ratio tg-rays (the ratio is 6 = +43°32'54'5 (J2000.0) was rapidly identified by Rykoff et
~1.2 x 10°°in GRB 041219a [Vestrand et al. 2005]); (2) early al. (2005a) within half an hour. The OT was later confirmed by
afterglow emission that may start during theay emission Yoshioka et al. (2005), and an absorption redshi& 3.24 was
and lasts for several seconds to minutes (uncorrelatedywith  reported by Fynbo et al. (2005). Initial analysis of the RAPTOR-
rays and typically brighter than the prompt component; e.g., S images (Fig. 1) showed that the OT was detected at high S/N
GRBs 990123 and 021211); and (3) late afterglow emission in early exposures and gradually faded below the magnitude limit.
that emerges after the fading early afterglow and can persistUnfortunately, the observing conditions at the RAPTOR-S site
for hours to many days (e.g., Fox et al. 2003a). The currentduring response were variable, and clouds obscured the field of
theoretical framework offers, correspondingly, the internal- view betweert = 1480 and 2440 s.
shock (Mezaos & Rees 1999), reverse-shock (Sari & Piran  The RAPTOR-B instrument responded slightly faster. Al-

L13

2. OBSERVATIONS



L14 WOZNIAK ET AL. Vol. 627

agate the systematic uncertainties from the PSF shape to the
photometric offsets. We assumed a Gaussian PSF with
FWHM = 6" (2.44 pixels, binned). The flux scale with about
3.8% internal consistency was established using 11 high S/N
stars in the vicinity of the OT. The calibration to stand&d
magnitudes was based on measurements of 22 USNO-A2.0 stars
in the magnitude rang® = 12.5-18.5 . Residuals with respect
to the best constant magnitude offset were random over the full
flux range (good linearity) with rms scatter of 0.09 mag outside
the photon noise—dominated region. Our unfiltered optical band
has an effective wavelength close to that of the stan&doaind,

but it has a larger width. For lack of the instrumental color
information, we assumed that all objects have the color of a
mean comparison star, i.8,— R =125 aRl1=0.73 ,
according to the USNO-A2.0 catalog. The fact that colors of the
early GRB afterglows and their temporal evolution remain poorly
constrained is a source of major uncertainty in transformations
of broadband photometry (see § 4).

The early RAPTOR-B frame was analyzed using the same
techniques as applied to the RAPTOR-S data. The actual limit
was calculated by performing a fixed centroid PSF photometry at
numerous random locations near the nominal OT position, taking
the rms of the measured flux, and converting to magnitudes.

Fic. 1.—Examples of single RAPTOR-S exposures of GRB 050319; the
OT discovered by Rykoff et al. (2005a) is circled. RAPTOR-S detected the
OT with high S/N in the early 10 s frames,(b), and followed its gradual
decay down to the magnitude threshold of the 30 s framad) Over the next
40-50 minutes. The size of the shown area is roughbyx 4'5 , with north
up and east to the left.

4. RESULTS

The final RAPTOR photometry of the early optical afterglow of
GRB 050319 expressed on tReband scale is given in Table 1.
Figure 2 plots the light curve along with our model fits. Quimby
et al. (2005) found an acceptable fit to an unfiltered optical light

though none of those images is a detection, including the firstcurve from the ROTSE-IlIb telescope using a single—power-law
10 s frame starting at= 25.44 s, the corresponding magnitude Model witha = —0.59 + 0.05. For the RAPTOR data the best-
limit for OT is of some value (§ 4). RAPTOR-B and S are fitting single—power-law model has index = —0.55+ 0.02 ;

separated by about 37 km and have independent weather. however, it yields an unacceptabié/dof = 9.20 . A visual in-
spection of the RAPTOR measurements suggests a shallow flux

decay at early times and significant steepening a#60 s. In fact,
the residuals with respect to the best-fitting single—power-law model
After standard corrections for bias, dark current, and flat- are systematic and indicate a steepening trend. To test that hypothesis
field responses, all frames underwen? & 2 pixel binning. we fitted a broken—power-law model and obtained a reasonably
The binning was applied in order to bring the sampling of the good fit (*dof = 2.91) with o, = —0.38 = 0.03, o,
stellar images to about the critical Nyquist value. In addition, —0.91 + 0.06, and the break tintg, = 462 + 55 s. It should be
it increased S/N per pixel and made the point-spread function noted that instantaneous scale breaking in this direction may be hard
(PSF) nearly circular. to explain physically. Nevertheless, we find the model useful for
We rejected 29 images taken betweea 1480 and 2440 s,investigating possible changes in the light-curve slope.
when transparency was very poor due to passing clouds. In even The residuals with respect to the best-fitting broken—power-
later images the OT detections are marginal. We decided, therelaw model appear flat; however, the redugéd= 2.91 (81.42/
fore, to form two mean averages of 5 and 6 frames out of 11 28 dof) is still formally unacceptable. For some measurements
images taken aftér= 2440 s. A high S/N reference image was the deviations from the best-fit model are well in excess of the
prepared by mean stacking twenty 30 s frames. All object cen-error estimates; in particular, there are several strong outliers
troids (including OT) were determined using the reference image.right near the fitted time of the break. There are also a few
For the purpose of averaging and photometric analysis, all framespoints with fluxes significantly larger than the model prediction
were resampled to a common pixel grid using a bicubic spline right before passing clouds covered the field of view. The ad-

3. PHOTOMETRY

interpolator and a linear coordinate transformation withi0®8
pixel accuracy (rms) based on the positions~80 high S/N

ditional photometric scatter could be related to variable ob-
serving conditions and is discussed in more detail in § 5.

field stars. For image processing we used custom Difference To establish the significance of the break, we fitted a series

Image Analysis software (Woik 2000).

of broken—power-law models with a range of fixed break times.

PSF-weighted photometry within a 4 pixel radius was per- We found that the minimum of thg? surface is not very well
formed assuming a fixed centroid (from reference image) andconstrained and that the actual 68% confidence interval for the
without variance weighting. This general technique, used in the break time may be closer to 100 s than to the formal parabolic
Sloan Digital Sky Survey (R. H. Lupton 2005, in preparation), error bar. Our conclusion is that the RAPTOR data indicate a
hedges against a secondary nonlinearity between the bright andignificant steepening in the flux decay of GRB 050319 within
faint ends of the flux scale. It ensures that the much flatter var-the first hour after the-ray trigger. However, despite the ap-
iance profile of the background-dominated objects cannot prop-pearance of sharp break in the light curve nedf0 s, our
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TABLE 1

RAPTOR PHOTOMETRY OF GRB 050319 T oo E

tslarl tend Atexp R o - _:

(s) (s) (s) (mag) (mag) ]
254 ......... 35.4 10 >15.960 ]
353......... 45.3 10 16.323  0.046 E
60.3......... 70.3 10 16.532  0.050 1
85.3......... 95.3 10 16.722  0.056 o ]
1103....... 120.3 10 16.818 0.055 g 1
1353....... 145.3 10 16.656  0.050 = 3
160.3....... 170.3 10 16.870  0.059 ¢ 1
1855....... 195.5 10 17.160 0.080
210.3....... 220.3 10 17.021  0.077
235.3....... 245.3 10 17.084 0.096 r .
260.5....... 2705 10  17.007 0.087 19F E
285.3....... 315.3 30 17.127 0.056 r RAPTOR data ]
330.3....... 360.3 30 17.309 0.068 E
375.3....... 4053 30  17.175 0.053 20k GRB 050319
4205....... 4505 30  17.364 0.057 - _ e . :
465.2....... 4952 30  17.138 0.047 e 05 t ]
510.2....... 540.2 30 17.529  0.065 g L ' t 1
555.2....... 5852 30  17.705 0.072 =~ [ T I ]
600.2 ....... 630.2 30 17.642 0.074 _% 0.0 S T ......... I ...... | | .......... .
645.2....... 675.2 30 17.675 0.074 2 ; 1
690.2....... 720.2 30 17.951  0.091 = L ]
7354 ....... 765.4 30  17.920 0.089 o 05F ]
780.2....... 810.2 30 17.948 0.087
825.2....... 855.2 30 17.949  0.093 10 100 1000
870.2....... 900.2 30 17.912 0.085 t— ty, (sec)
915.2....... 945.2 30 18.110 0.104
9604 ....... 9904 30 17.874 0.085 -
1005.2...... 1035.2 30 18.241 0.120 Fic. 2—RAPTOR-S optlcal |Ight curve of GRB 0503193m) and phOtO-
1050.2.... .. 1080.2 30 17.903 0.089 metric residuals with respect to the reference motett¢m). Our reference
1095.2. ... .. 1125.2 30 18.016 0.094 model, i.e., the best-fitting single power lawldck dotted line), produces
1140.4. ... .. 1170.4 30 18.272 0.118 systematic residuals. We obtain a much better fit with a broken—power-law
2445.0.. ... 2654.9 150 19.001 0.076 model ¢ed solid line), which indicates significant steepening arouwDO s.
2669.9...... 2924.9 180 19.109  0.096
RAI\IF?TTSSFEEA'” ”:easurfiments Vzefre ?Etai?edtv‘vaitth the response, it is entirely possible that the outliers come from a

-S> Instrument, except tor e limi — H H H

25 5 recorded by RAPTOR-B. Our unfiltered magni- systematic effect yet to be found. This experience underscores
tudes were transformed to tieband scale using the the importance of S|.multaneous cqlor measurements of the early
USNO-A2.0 catalog and were not corrected for ex- GRB a_lfterglows using standard filters. _ _
tinction [GalacticE(B — V) reddening is only 0.01 mag; In Figure 3 we plot other OT measurements available at this
ffﬁ'vigi'nﬁts?i 339581} ;nﬁgs'agt():‘“t'ﬁ(;srga?n?; gsetﬁf‘;';s time for comparisons with the RAPTOR light curve. The three
fective exposure time accoﬁnts for readoutgbreaks and points fr_om the ROTSE collaboration (QUImb.y et ‘.""- 2005)
is shorter than the difference between the end and start were shifted by—0.04 mag to reflect the median difference
tiMes Aty < tena— t sar- between SDS$ and USNO-A2.0R magnitudes for our com-

parison stars. Th¥-band points fronSnift UVOT (Boyd et

data are fully consistent with a gradual increase of the slope,al- 2005) are plotted 0.7 mag brighter than actual values. All
possibly with additional small-scale photometric variations. Measurements reported in stand&tand were taken at face
value, since any finer issues with calibration to different cat-
alogs should wait until the final revised photometry is available.

Measurements by other experiments agree with the shape of

To test the robustness of the results of § 4, we reanalyzedthe RAPTOR light curve. While more sparsely sampled, the
the data using three other photometric tools to extract objectV-band light curve observed by tt&ift UVOT (Boyd et al.
fluxes, (1) traditional aperture photometry, (2) kernel matched 2005) also shows a faster flux decay aftdiO0 s. Further, the
difference image photometry (VWoimk 2000), and (3) a stan- measurement at= 1.27 hr by Yoshioka et al. (2005) is con-
dard PSF package DoPHOT (Schechter et al. 1993), and obsistent with the extrapolated value predicted by the RAPTOR
tained essentially identical light curves. While the steepening measurements. At times beyord.3 hr, the published data
of the light curve and most wiggles were always present, the from UVOT and other instruments show a transition back to
precise origin of the photometric outliers in Figure 2 still es- a more gradual flux decay rate. The two breaks in the flux
capes explanation. Some comparison stars also show the wigelecay rate are visible in both tlieband and thé&/-band light
gles, and some are fully consistent with the photon noise es-curves. The close tracking between the light curves in both
timate. Li et al. (2003) noticed similar discrepancies in their filters implies a constan¥ — R  color during the first day of
light curve of GRB 021211 and suggested that color-induced the flux evolution. The zero point for the UVOT measurements
systematics could be the cause. The intrinsic variability of the is still not well established (Boyd et al. 2005), but taken at
OT color or even a stationary color difference between the OT face value the reported measurements yield a colot (
and comparison stars may generate systematic offsets in phoR) = 0.7 for the OT counterpart of GRB 050319.
tometry. Given that the unfiltered spectral band is subjectto a While the sample size is still small, one can already start to
red atmospheric cutoff and weather variations during RAPTOR explore the morphology of GRB early afterglow light curves. The

5. DISCUSSION
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Fic. 3.—Comparison of the RAPTOR optical light curve of GRB 050319
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030418 (Rykoff et al. 2004) showed shallower initial decline (or
even rise) withoe > —0.6 and then gradual steepening (to about
a < —1.0) on timescales of1C° s or longer. The measurements
we reported here for GRB 050319, starting fram= —0.38
and evolvingtax, = —0.91 after400 s, place its early afterglow
properties in the latter group.

In the context of the standard fireball model, the shape of the
optical afterglow light curve is determined by the nature of the
interaction between the relativistic ejecta and the external me-
dium. The relative importance and timing of the reverse- and
forward-shock components, which depend on properties such as
the density profile in the external medium and the strength of
the magnetic field of the fireball, are reflected in the rates of flux
evolution and the break times in the predicted light curve (e.g.,
Sari & Piran 1999; Mszaos 2002; Zhang et al. 2004). The
morphology of the GRB 990123 and 021211 light curves, with
the break to shallower decay, is usually attributed to the transition
from the dominance of the reverse-shock generated emission to
forward-shock generated emission (e.g., Li et al. 2003). For the
more gradually decaying early afterglows, the interpretation is
less clear. The gradually declining component could be associ-
ated with delayed reverse-shock emission (Vestrand et al. 2005)
or an energy injection that continues well beyond the duration
of the initial explosion (Fox et al. 2003b). The emergence of the
additional component after10" s in GRB 050319 could then
be understood as the emergence of the forward-shock emission.
The promptSwift localizations and rapid robotic follow-up are

with measurements from other instruments. The black points are RAPTOR jUst starting to reveal the richness and complexity of the GRB
measurements, while the data plotted in color are those obtained by otherafterglow phenomenology and, when combined with the models,
instruments: ROTSE (Quimby et al. 2005), UVOT (Boyd et al. 2005), Mai- il help to constrain the basic physical parameters of these

danak 1.5 m (Sharpov et al. 2005), Kiso & Lulin 1 m (Yoshioka et al. 2005),
and ART 14 inch (Torii 2005). The line shows our best-fit broken—power-law
model.

early afterglow behaviors of GRBs 990123 (Akerlof et al. 1999)
and 021211 (Li et al. 2003) were very similar, with both OTs
showing a steeper initial decline (power-law index —1.8 )and
the emergence of a shallower component{ —0.9 ) afttd

cataclysmic explosions.
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